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Background: Hemodialysis (HD) causes various nervous system abnormalities. Alterations in white 
matter (WM) microstructure after long-term HD have been reported in a few previous studies; however, no 
studies have been performed to investigate enlarged perivascular spaces (PVS) in WM regions. We measured 
cerebral blood flow (CBF) and white matter volume (WMV) in HD patients to assess enlarged PVS severity 
in the WM across the whole brain and suggest possible explanations for this.
Methods: Fifty-one HD patients and 51 age-, sex-, and education-matched healthy controls (HCs) were 
recruited. The number of enlarged PVS in the centrum semiovale (CS), cerebral watershed (CW), and basal 
ganglia (BG) regions were assessed by T2-weighted MRI. CBF was estimated by arterial spin labeling (ASL), 
which is a non-invasive perfusion imaging technique. WMV was assessed by the computational anatomy 
toolbox (CAT12), which is a statistical analysis package. Differences in descriptive variables (two-tailed t-tests, 
χ2 tests, Mann-Whitney U tests, and Friedman M tests), an intra-class correlation between radiologists, 
the relationship between enlarged PVS number and HD duration, normalized CBF and WMV (multiple 
regression), and group differences in CBF and WMV {voxel-wise t-tests with age and sex as covariates [cluster 
size >50 voxels, false discovery rate (FDR) corrected, P<0.05]} were assessed. 
Results: HD patients displayed a more significant number of CS-PVS and CW-PVS in WM regions 
compared with the HCs, but there was no significant difference in the number of BG-PVS. The number of 
CS-PVS and CW-PVS were positively associated with HD duration. The number of CW-PVS was positively 
associated with CBF changes and WMV alteration in HD patients. Meanwhile, significant differences in the 
blood pressure (BP) readings pre-HD, intra-HD, and post-HD were observed in HD patients. Compared with 
the HCs, the HD patients showed higher CBF in the CS, CW, and BG regions (P<0.05). Hence, decreased 
WMV in the CS, CW, and BG regions were shown in the HD patients compared with the HCs (P<0.05). 
Conclusions: Enlarged CS-PVS and CW-PVS on MRI might be a feature of long-term HD patients. 
Enlarged CW-PVS number is associated with higher CBF in the CW region and lower WMV in the CW 
region in HD patients. 
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Introduction

End-stage renal disease (ESRD) is a result of chronic renal 
dysfunction (1), which occurs when chronic kidney disease 
(CKD) progresses to a glomerular filtration rate (GFR) of 
<15 mL/min/1.73 m2. In recent years, ESRD has become 
an increasing global health problem (2). To clear away 
surplus urea and other metabolic waste from the body, 
patients with ESRD generally undergo regular HD three 
times per week. However, ESRD patients may experience 
neurologic complications such as dialysis disequilibrium 
syndrome, hypertensive encephalopathy,  osmotic 
myelinolysis, intracranial hemorrhage, stroke, and dementia 
(3-5), which may be related to ESRD itself or HD. These 
nervous system abnormalities are probably associated with 
brain edema or tissue swelling, which may be caused by the 
osmotic gradient between brain tissue and plasma during 
HD (6).

HD may gradua l ly  cause  WM micros tructure 
modifications (7). In a previous study, researchers explored 
the effects of long-term HD on WM integrity using the 
diffusion tensor imaging (DTI) technique by comparing 
fractional anisotropy (FA) values between ESRD patients 
and normal subjects (8). The research showed that FA values 
in many WM regions were significantly decreased and that 
reductions in FA values were negatively correlated with the 
duration of HD. Zhang et al. showed that abnormalities 
in associative and radiation fiber tracts of ESRD patients 
resulting in brain edema were associated with cognitive 
function decrease (9). Yi et al. found that widespread 
impairments in corona radiata and thalamic radiations may 
have influenced cognitive function in ESRD patients, and 
serum urea levels were related to these WM changes (10). 
The existing literature has focused on exploring alterations 
in WM microstructure, but few studies have investigated 
visible WM alterations, such as enlarged PVS in WM 
regions (11-13).

Enlarged PVS, also known as Virchow-Robin spaces, 
are fluid-filled cavities surrounding the penetrating vessels, 
which hold metabolic waste cleared from the brain, and are a 
conduit for fluid transport (14). Enlarged PVS are visible in 
T1-weighted and T2-weighted MRI images as linear, ovoid, 
or round cerebrospinal fluid (CSF) intensities in the centrum 
semiovale (CS) and basal ganglia (BG) (15). Although it 
is common to see many enlarged PVS at different ages, 
enlarged PVS have been documented in elevated numbers 
in the elderly population (16). Previous studies have 
reported that enlarged PVS are related to impaired cognitive  

function (17), small vessel disease (SVD) (18), and 
inflammatory aggravations in multiple sclerosis (19).

ASL imaging has been used as a non-invasive perfusion 
imaging technique to investigate brain perfusion alterations 
in HD patients (20,21). Meanwhile, previous studies 
showed that voxel-based morphometry could be utilized to 
exhibit cerebral gray matter (GM) morphological changes 
in HD patients (22,23). The existing studies have focused 
on exploring the GM changes in ESRD patients (24). 
There have been no studies investigating WM changes, and 
correlations between WM alteration levels and enlarged 
PVS, in HD patients.

The purpose of this study was to explore the extent of 
enlarged PVS in WM regions of the brain in maintenance 
HD patients, using T2-weighted MRI. In addition, we 
investigated whether enlarged PVS in the CS, CW, and BG 
regions share the same pathogenesis. Correlation analyses 
were used to explore the associations of HD duration and 
biochemical variables with enlarged PVS. To explore the 
underlying mechanisms of enlarged PVS, ASL and CAT12 
techniques were performed in ESRD patients. To our 
knowledge, this is the first study to investigate enlarged 
PVS alterations in WM regions in maintenance HD 
patients.

Methods

Participants

Fifty-one HD patients (30 male and 21 female) were 
recruited. The underlying reason for requiring HD in 
these patients was primary hypertensive nephropathy or 
glomerulonephritis. Fifty-one normal age- and sex-matched 
subjects (32 male and 19 female) were enrolled as HCs. 
GFR was used to diagnose all HD patients. When the GFR 
<15 mL/min/1.73 m2, patients need to be hospitalized for 
maintenance HD, and the duration of dialysis is longer than 
six months. All HD patients underwent HD treatments 
three times per week as a standard, and a single HD session 
was approximately 4 h. To aviod for the acute effects of 
HD treatment, all HD patients were scanned one day after 
the last HD session each week. The exclusion criteria for 
participation in the study were (I) diabetic nephropathy; (II) 
other dialysis therapy; (III) brain disease history, including 
stroke, cerebral trauma, cerebral infarct, and tumors; (IV) 
psychiatric disorder history; (V) vertigo or intolerance of 
MR scanning; and (VI) history of drug or alcohol abuse. 
The study was conducted following the Declaration of 
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Helsinki (as revised in 2013). This study was approved 
by the Medical Ethics Committee of Beijing Friendship 
Hospital, Capital Medical University. Informed consent was 
obtained from each participant included in the study.

MRI data acquisition

All subjects underwent imaging performed using a 
3.0-Tesla MR system with an eight-channel phased array 
coil (Discovery MR750W, General Electric, Milwaukee, 
Wisconsin, USA). All participants were required to refrain 
from intake caffeine-containing foods or drinks before 
MRI scanning. Soft but comfortable, foam padding was 
employed to minimize head motion, and earplugs were 
used to reduce scanner noise. The perfusion imaging used 
was pseudo-continuous arterial spin labeling (PCASL) 
sequence (25). The major parameters for PCASL imaging 
using fast spin echo (FSE) imaging readout were: 36 axial 
slices, slice thickness =4 mm; labeling duration/post label 
delay =2,025 ms/2,025 ms; repetition time/echo time (TR/
TE) =4,844/10.5 ms; matrix =128×128; field of view (FOV) 
=240×240 mm across whole-brain coverage; number of 
excitations =3; spiral-in readout of 512 sample points with 
eight arms; and number of label and control images =72. 
The overall acquisition time of the resting-state ASL 
performance was 4 min 41 s. A T1-weighted structural 
image was acquired using the 3D brain volume imaging 
(BRAVO) sequence [TR =8.8 ms, TE =3.5 ms; inversion 
time (TI) =450 ms; 196 slices with 1-mm thickness (no gap); 
matrix =256×256; FOV =24 cm ×24 cm; flip angle =15°]. A 
T2-weighted image was generated using the FSE sequence 
(TR =7,299 ms, TE =169 ms; 20 slices with 6-mm thickness; 
matrix =256×256; FOV =24 cm ×24 cm; flip angle =15°). 
During the scans, all subjects were asked to relax, keep their 
eyes closed, think of nothing in particular, and avoid falling 
asleep.

Enlarged PVS assessment

Enlarged PVS were defined as fluid-filled entities 
presenting as sharply delineated ovoid or round structures, 
depending on the imaging plane (26). Enlarged PVS is 
located in the CS, BG, and CW, with CSF intensity signal 
in T2WI, size <3 mm, and follow the typical course of a 
vessel. Enlarged PVS were counted in the plane with the 
largest number visible (Figure 1). The definition of CS, 
BG, and CW reference the study by Potter et al. (27). 
CW refers to regions of the body that receive dual blood 

supply from the most distal branches of two large arteries 
(Figure 1E). To eliminate the effect of small infarctions, 3D 
BRAVO was used to assess the enlarged PVS (see Fgure 
S1). The severity of enlarged PVS in the CS, CW, and BG 
region was assessed by following a 4-point rating ordinal 
scale (27) (1: 1–10 enlarged PVS; 2: 11–20 enlarged PVS; 3: 
21–40 enlarged PVS; 4: >40 enlarged PVS). All data were 
estimated by two experienced neuro-radiologists blind to 
the clinical data.

Cerebral blood flow (CBF) calculation

Each ASL image series was first evaluated for subject 
motion. Quality controls were applied to exclude 
unqualified results, which were defined as results from 
subjects whose head motion exceeded 2 mm of translation 
or 2° of rotation during the ASL acquisition. An ASL 
difference image was calculated using a single-compartment 
model after subtracting the label image from the control 
image. The 3 ASL difference images were averaged to 
calculate the CBF maps combined with the proton density-
weighted reference images (28). 

Anemia, generally decreasing hemoglobin level, is 
common in HD patients. Relaxation time (T1) of blood (T1B) 
varies with age and hematocrit or hemoglobin levels (11).  
CBF quantification results are significantly modified by 
the T1B. To achieve rigorous CBF quantification, a single-
compartment model was used for CBF quantification (25). The 
hemoglobin levels of participants and the previously proposed 
general model were used to estimate the T1B in this study 
(11,29). The hemoglobin levels of HD patients were derived 
from blood samples obtained during standard HD treatments; 
an age- and sex-dependent hemoglobin level was applied for 
HCs (30). T1B was estimated by using a fixed normal arterial 
blood oxygen saturation level of 0.97 for all participants. 

The data preprocessing was carried out with Statistical 
Parametr ic  Mapping (SPM8).  Using a  nonl inear 
transformation in SPM8, the CBF images of the 51 HCs 
were co-registered to a positron emission tomography 
(PET) perfusion template in the Montreal Neurological 
Institute (MNI) space. The mean co-registered CBF map of 
the 51 HCs was defined as the standard CBF template. The 
CBF maps of all participants (HCs and patients) were co-
registered to the standard CBF template of the MNI and 
resampled to a 2×2×2 mm voxel size. An 8-mm full-width 
at half-maximum (FWHM) Gaussian kernel was used to 
smooth each co-registered CBF image. The CBF of each 
voxel was normalized by dividing by the mean CBF of the 

https://cdn.amegroups.cn/static/public/QIMS-20-1246-supplementary.pdf
https://cdn.amegroups.cn/static/public/QIMS-20-1246-supplementary.pdf
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whole brain (31).

White matter volume (WMV) calculation

CAT12 (http://www.neuro.uni-jena.de/cat/) was utilized 
to calculate the WMV (32). Firstly, spatially co-registered 
T1-weighted images were normalized to the MNI space 
by applying the Diffeomorphic Anatomical Registration 
Through Exponentiated Lie Algebra (DARTEL) algorithm. 

Secondly, the bias-field inhomogeneity was corrected. 
Thirdly, applying the standard unified segmentation model, 
the structural images were segmented into WM, GM, and 
CSF. Due to spatial registration, the segmentations were 
normalized by scaling with plenty of volume changes. The 
total amount of GM in the normalized image remained 
the same as in the original image. Finally, a 6-mm FWHM 
Gaussian kernel was used to smooth the WMV images to 
reduce inter-individual variability.

Figure 1 Examples of different categories of enlarged PVS (arrowheads) scoring from 1 to 4 at the level of the CS, CW area, and BG area. 
(A-D) PVS in the CS; from left to right, the scores go from 1 to 4. (E-H) PVS in the CW area (marked blue); from left to right, the scores 
go from 1 to 4. (I-L) PVS in the BG area; from left to right, the scores go from 1 to 4. PVS, perivascular space; CS, centrum semiovale; CW, 
cerebral watershed; BG, basal ganglia. 
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Statistical analysis

Statistical analysis was performed using SPSS v.19.0 
(Chicago, IL). Two-tailed t-tests χ2 tests, Mann-Whitney 
U tests, and Friedman M tests were used to analyze the 
descriptive differences, depending on the data sample. We 
set statistical significance at P<0.05. Group differences 
in blood pressure (BP) among the three readings (pre-
HD, intra-HD, and post-HD) were tested using Friedman 
M tests. We used the intraclass correlation coefficient to 
estimate the agreement between the two radiologists. We 
conducted multiple regression analyses with data from HD 
patients to investigate the relationship between enlarged 
PVS number and HD duration. Group differences in CBF 
and WMV were tested using voxel-wise t-tests with the 
hemoglobin level, age, and sex as covariates (cluster size 
>50 voxels). For t-tests of CBF and WMV, we used an FDR 
method with a significance threshold of P<0.05.

Results

Demographics and clinical characteristics

Fifty-one subjects with HD and 51 healthy individuals in 
total were enrolled in this study. The intraclass correlation 
coefficient (ICC) coefficients for the CS-PVS, CW-
PVS, and BG-PVS were 0.815, 0.823, and 0.842. The 
demographic and clinical features of the participants are 
shown in Table 1. The two groups were well-matched in 
terms of sex (χ2=0.17, P=0.685), education (two-sample 
t-tests, t=0.03, P=0.871), and age (two-sample t-tests, t=0.05, 
P=0.819). Moreover, there was no significant difference in 
the PVS score for the BG-PVS, and there were significant 
differences between the HD group and HCs group in the 
PVS score for the CS-PVS and CW-PVS. A Friedman M 
test showed differences in the systolic blood pressure (SBP) 
and diastolic blood pressure (DBP) of HD patients among 
the three readings taken (pre-HD, intra-HD, and post-
HD).

Correlations between HD duration and PVS number in 
HD patients

The CS-PVS number had a significant positive correlation 

Table 1 Demographic and clinical characteristics of the participants

Characteristics HD group (n=51) HC group (n=51)

Age (years) 52.4±10.3 52.1±9.9

Sex (male/female) 30/21 32/19

Education (years) 12.1±3.5 12.3±3.2

HD duration (months) 96.1±68.8 NA

CS-PVS score

1 2 37

2 11 13

3 28 1

4 10 0

CW-PVS score

1 0 3

2 5 44

3 26 4

4 20 0

BG-PVS score

1 39 44

2 9 5

3 2 2

4 1 0

Pre-HD SBP (mmHg) 143±14.3

Pre-HD DBP (mmHg) 68±11.2

Intra-HD SBP (mmHg) 131±13.8

Intra-HD DBP (mmHg) 79±9.9

Post-HD SBP (mmHg) 138±15.8

Post-HD DBP (mmHg) 71±12.1

Data are presented as the mean ± standard deviation or 
number. HD, hemodialysis; HC, healthy control; HD duration, 
hemodialysis duration; CS-PVS, centrum semiovale perivascular 
space; BG-PVS, basal ganglia perivascular space; CW-PVS, 
cerebral watershed perivascular space; Pre-HD SBP, pre-
hemodialysis systolic blood pressure; Intra-HD SBP, intra-
hemodialysis systolic blood pressure; Post-HD SBP, post 
hemodialysis systolic blood pressure; Pre-HD DBP, pre-
hemodialysis diastolic blood pressure; Intra-HD DBP, intra-
hemodialysis diastolic blood pressure; Post-HD DBP, post 
hemodialysis diastolic blood pressure; NA, not applicable.
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with HD duration in the HD patients (r=0.3695, P=0.0001) 
(Figure 2A). The CW-PVS number had a significant 
positive correlation with HD duration in the HD patients 
(r=0.4307, P=0.0001) (Figure 2B). We did not find significant 
correlations between HD duration and BG-PVS number.

White matter CBF and volume alterations in HD patients 
and HCs 

The HD group showed increased CBF and decreased 
WMV in the WM compared to the HCs group (Figure 3). 

White matter CBF in HD patients and HCs 

The HD group showed increased CBF in the bilateral CS, 

CW, corona radiata, and BG areas compared to the HCs 
group (Figure 4).

White matter volume in HD patients and HCs 

The HD group showed decreased WMV in the bilateral 
CS, CW, corona radiata, and BG areas compared to the 
HCs group (Figure 5).

Correlations between PVS number and white matter CBF 
and white matter volume in HD patients

In the CW regions demonstrating CBF alterations, the 
CW-PVS number had a significant positive correlation 
with normalized CBF of CW in the HD patients (r=0.2996, 

Figure 2 Correlations between HD duration and PVS number in HD patients. (A) A significant positive association was noted between 
HD duration and the CS-PVS number in HD patients. (B) A significant positive association was shown between HD duration and the 
CW-PVS number in HD patients. CS-PVS, centrum semiovale perivascular space; CW-PVS, cerebral watershed perivascular space; HD, 
hemodialysis; HD duration, hemodialysis duration; PVS, perivascular space.

Figure 3 White matter normalized CBF and volume alterations in HD patients and HCs. (A) The HD group showed increased CBF 
compared to the HCs group in the WM. (B) The HD group showed decreased WMV compared to the HCs group. Covariance analysis 
adjusted for age and sex was conducted for the intergroup comparisons. Horizontal bars = significant differences. *P<0.05. CBF, cerebral 
brain fluid; HCs, healthy controls; HD, hemodialysis; WM, white matter; WMV, white matter volume.
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P=0.0327) (Figure 6A). In the CW regions demonstrating 
WMV alterations, the CW-PVS number had a significant 
positive correlation with decreased WMV of CW in the 
HD patients (r=0.3149, P=0.0244) (Figure 6B). We did not 
find significant correlations between BG-PVS number and 
normalized CBF and decreased WMV.

Discussion

PVS, which hold fluid, generated waste, and compounds 
from the brain, surround the brain perforating vessels and 
constitute part of the lymphatic system. Recent studies have 
highlighted that enlarged PVS is likely to result in part 
from inflammation (33), modifications of cerebrovascular 

reactivity (CVR) and CBF (34,35), blood-brain barrier 
(BBB) abnormalities, and elevated extra-cranial and 
intracranial vascular pulsatility (36,37). Understanding 
the mechanisms leading to enlarged PVS may provide 
valuable insight into the reasons for increased cognitive 
impairment prevalent in HD patients. Previous diffusion-
weighted imaging (DWI) and DTI studies (38,39) have 
indicated that WM exhibited microstructural abnormalities 
and widespread cerebral tissue swelling in HD patients. 
However, the pathogenesis of enlarged PVS and visible 
structural dysfunction remains unclear in HD patients. 
To our knowledge, this is the first prospective multimodal 
image study to (I) investigate enlarged PVS alterations in 
WM regions in maintenance HD patients, (II) to perform 

Figure 4 Brain regions exhibiting different CBF values between the HD patients and HCs. The HD group showed increased CBF 
compared to the HCs group in the bilateral CW areas, CS, corona radiata, and BG areas. Two-sample t-test; P<0.05, with FDR correction. 
The CBF results with HD group > HCs group are in red. L, left; R, right. CBF, cerebral brain fluid; CS, centrum semiovale; CW, cerebral 
watershed; FDR, false discovery rate; HCs, healthy controls; HD, hemodialysis.
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rigorous CBF quantification using individually estimated 
T1B values based on hemoglobin levels to compensate 
for anemia effects on T1B, and (III) to perform WMV 
quantification using the voxel-based analysis method. 
Our cross-section study results provide novel and indirect 
evidence supporting the association between enlarged PVS 
and increased CBF of the CW region and reduced WMV 
of the CW region in HD patients.

The observed increase in the number of enlarged PVS 
in HD patients is likely associated with CBF changes in the 
CW region. As a result of anemia occurring secondary to 
renal failure, ESRD patients show brain hyper-perfusion 
at rest (40,41). Our results also agree with this finding. 
Anemia occurs early in the setting of renal disease and 

escalates in severity with disease progression (42). The 
brain vascular effects of anemia in ESRD present as reduced 
blood viscosity and decreased oxygen delivery. Both of 
these changes cause increased CBF, and several studies 
have reported that CBF alteration was associated with 
hematocrit fluctuation in ESRD (20,41). Normally, CBF 
is closely connected with cerebral oxygen delivery so that 
oxygen content in the blood is enough to meet the needs 
of brain metabolism. However, oxygen-carrying capacity is 
decreased, and brain oxygen delivery remains inadequate 
despite slowly increased CBF found with anemia (43). 
Although elevated CBF plays an important protective 
mechanism role by raising brain oxygenation during the 
course of anemia, brain oxygen delivery does not fully 

Figure 5 Brain regions WMV differences between the HD patients and the HCs group. The HD group showed decreased WMV compared 
to the HCs group in the bilateral CW areas, CS, corona radiata, and BG areas. Two-sample t-test; P<0.05, with FDR correction. WMV 
results with HD group < HCs group are in blue. L, left; R, right. CS, centrum semiovale; CW, cerebral watershed; BG, basal ganglia; FDR, 
false discovery rate; HCs, healthy controls; HD, hemodialysis; WMV, white matter volume.
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recover and remains damaged in ESRD at rest (43). The 
brain in ESRD remains over-perfused yet under oxygenated, 
at rest (44). Several investigations suggest that the HD 
process itself may exert harmful effects on the brain (45).  
Most studies have found that CBF decreases 7–22% during 
HD and there may be limited reserve to endure further 
decreases in brain oxygenation caused by decreasing CBF (46).  
It has been reported that repeated HD may lead to cerebral 
“stunning”, which might be associated with cerebral 
perfusion change (47).

On the other hand, our study also found that the SBP and 
DBP during intra-HD were lower than that of the pre-HD 
and post-HD conditions. Due to fewer capillaries than in 
the cortex and the existence of CW, WM is more sensitive 
to perfusion than GM (48,49). Therefore, we inferred that 
hypoxia, neuronal dying, and other neuronal pathological 
alterations were triggered by alteration in perfusion, which 
aggravates the brain environment, and the inflammation, 
demyelination, and dysfunction of the BBB accelerates the 
enlargement of PVS. In addition, because of disturbances 
in calcium and phosphorus metabolism, loss of pulsatility 
and increased stiffness caused by calcification of cerebral 
vasculature is common in HD patients (50). Cerebral 
arterial pulsatility drives fluid flow along the brain drainage 
pathway (51). It then follows that weakening pulsatility 
and elevated stiffness could reduce waste clearance (52,53). 
Therefore, we supposed that enlargement of the PVS 
might be related to dysfunction in fluid clearance caused by 
perfusion changes.

Reduced WMV may play a role in the observed number 
of enlarged PVS in HD patients. The findings of our study 
show that enlarged PVS of the WM regions occurs more 

often in long-term patients with HD and that the numbers 
of CS-PVS and CW-PVS are positively associated with 
HD duration. Our findings also showed that the CW-
PVS number significantly correlated with decreased WMV 
of CW in HD patients. This suggests that the more the 
number of enlarged PVS, the more severe the WM atrophy. 
Prohovnik et al. also found that serious brain atrophy in 
HD patients was associated with dialysis time (54). WM 
alterations after HD have been reported in only a few 
studies utilizing conventional MRI (55,56). In sum, these 
studies showed that persistent alteration of perfusion of the 
brain occurring with HD might contribute to progressive 
brain atrophy over time in HD patients (43). Cerebral 
atrophy may lead to perivascular structures widening. 
Maclullich et al. (57) indicated that enlarged PVS was not 
only a form of relatively obvious pathological alteration 
observed in different disease states but also a benign 
manifestation of aging.

Furthermore, we also revealed that CS-PVS, CW-
PVS, and BG-PVS were differentially affected, which was 
inconsistent with previous results in patients with SVD 
(58,59). This location-specific discrepancy may suggest that 
the functions of CS-PVS and CW-PVS differ from those of 
BG-PVS. Recent studies have reported that the anatomical 
structures of the PVS in the BG areas differ from deep 
WM around the CS and CW regions (26,60). BG-PVS 
are branching or winding, and CS-PVS do not go through 
the subarachnoid space on the brain surface (61). Yamada  
et al. (62) highlighted that the superficial artery penetrating 
the brain's surface has a lower pulse pressure wave 
amplitude and smaller flow volume than the lenticulostriate 
arteriole penetrating the BG. The CS and CW regions 

Figure 6 Correlations between PVS number and WM CBF and volume in HD patients. (A) A significant positive association was noted 
between CW-PVS number and the normalized CBF. (B) A significant positive association was noted between CW-PVS number and 
decreased WMV in HD patients. CBF, cerebral brain fluid; HD, hemodialysis; CW-PVS, cerebral watershed perivascular space; HD, 
hemodialysis; PVS, perivascular space; WM, white matter; WMV, white matter volume.
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are more relatively vulnerable than the BG regions in HD 
patients, which was supported by our results. Therefore, the 
atrophy of deep WM related to long-term HD might be 
associated with enlarged PVS.

Our study still has several limitations that need further 
exploration. Firstly, as well understood, due to the low 
perfusion level and low signal-noise ratio (SNR) of ASL 
imaging, it remains challenging to measure WM CBF using 
the ASL method today. The low imaging resolution in this 
study and a large smoothing kernel in the normalized space 
will inevitably result in partial volume effects. Therefore, 
an alternative high-resolution imaging sequence, such 
as multiband EPI PCASL, should be used in the future. 
Secondly, further studies should investigate the relationship 
between cognitive impairment and enlarged PVS. 
Thirdly, when the FDR correction was used to analyze the 
relationship between WMV and HD duration, no cluster 
was statistically significant. A possible reason might be that 
the sample size of the HD patients was relatively small. 
Finally, the brain is subject to age-related physiological 
changes such as atrophy, and this should be taken into 
consideration when taking measurements.

In conclusion, enlarged CS-PVS and CW-PVS on MRI 
might be features of long-term HD in patients. Enlarged 
CW-PVS are associated with higher CBF in the CW region 
and lower WMV in the CW region in HD patients and 
warrant further study given the widespread use of HD in 
the community. 
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Supplementary

Figure S1 Supplementary examples showing different categories of 3D observations for enlarged PVS (arrowheads) at the level of the 
centrum semiovale (A), watershed area (B), and basal ganglia area (C). BG, basal ganglia; CS, centrum semiovale; CW, cerebral watershed; 
PVS, perivascular space. 
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